Recently, sol-gel derived borate glasses (BGs) have shown unprecedented conversion rates to bone-like mineral (hydroxycarbonated apatite). In an effort to explore their potential applications in bone tissue engineering, this study reports on the fabrication and characterization of BG particle incorporated electrospun ε-polycaprolactone (PCL) fibrous composites. The electrospinning technique successfully incorporated PCL fibres with BG particles at 2.5 and 5 w/v%, with the higher BG loading creating a three-dimensional cotton-wool like morphology. Dynamic vapour sorption showed greater extents of mass change with BG content attributable to water sorption, and indicating greater reactivity in the composite systems. In vitro bioactivity was investigated in simulated body fluid for up to 7 days. Scanning electron microscopy, Fourier-transform infrared spectroscopy and xray diffraction indicated apatite formation in the 5 w/v% incorporated composite scaffold, which initiated as early as day 3. In summary, sol-gel derived BGs incorporatedfibrous electrospun PCL composites indicate rapid reactivity and bioactivity with potential applications in mineralized tissue engineering.
Introduction
Current procedures in the repair and augmentation of damaged or diseased bone rely mostly on using either autografts, where bone is sourced from another site of the patient, or allografts where it is sourced from another patient [1] . However, these have drawbacks in terms of limited supply, donor site morbidity, and the risk of infection [2] , which have led to the field of tissue engineering as a viable alternative method to traditional bone repair techniques. Therefore, there is an ever-increasing demand for new bioactive and biodegradable three-dimensional (3D) scaffold compositions that mimic the native collagenous, fibrous-based bone extracellular matrix (ECM) [3] .
Electrospinning (ES) is a common technique in scaffold fabrication attributable to its simplicity and reliable creation of long, continuous fibres [4] . ES involves the application of high voltage differences between a polymeric liquid and a collecting target in order to produce structures of different morphologies. ES has been widely used for tissue engineering due to the ability to attain diameters of fibres similar to that in the ECM [5] . In particular, it has been used with FDA approved biodegradable polyesters based on polycaprolactone (PCL) and polylactides (PLAs), amongst others [6] . However, while these polymers are biodegradable, they are hydrophobic in nature and, more importantly, in the context of bone tissue engineering, are not bioactive.
Indeed, bioactivity is recognized as a critical requirement for bone tissue engineering since bioactive materials (e.g. bio-ceramics and -glasses) have the ability to form hydroxycarbonated apatite (HCA), the mineral component of bone, in physiological fluids [7, 8] . Therefore, a composite of long continuous fibres incorporated with bioactive particles may prove to be a successful scaffold for bone tissue engineering; allowing for custom bone grafting and easier handling in a clinical setting. Surprisingly though, there has been very little studies on the effect inorganic particle additions to polyester fibres produced through ES. Hydroxyapatite [9] , Mg,CO 3 -doped HA particles [10] , and CaCO 3 nanoparticles [11] have previously shown to improve the bioactive response of elec-trospun PCL fibres. Bioactive glass particles, (70)SiO 2 -(25)CaO-(5)P 2 O 5 (mol.%) have also been added to PLA fibres, which allowed for a calcium phosphate layer to form on the surface [12] . Using the sol-gel process, hybridised polymer-glass fibres have been generated using polyvinylbutyral [13] and PCL [14] .
In addition to bioactive silicate-based glasses, recently there has been much interest in borate-based glasses (BGs) attributable to their lower chemical durability and more rapid HCA conversion rates [15] . Numerous studies have also shown that these glasses are able to re-grow bone with no toxicity, in vivo [16] [17] [18] . Furthermore, while almost all bioactive glasses are produced by the melt-quench technique, the sol-gel process, a liquid based synthesis approach that typically uses metal alkoxide precursors, can offer many advantages for biomedical applications [19, 20] . In particular, higher surface areas and porosities, which have been shown to allow for rapid ion release and degradation thus increasing HCA formation rates [20] [21] [22] . Similar to melt-quench glasses, almost all of the research performed on bioactive sol-gel glasses has been silicatebased [23] . However, the processing of highly bioactive sol-gel derived BGs based on the four component system, B 2 O 3 -CaO-P 2 O 5 -Na 2 O, with borate content ranging from 36 to 61 mol.% have recently demonstrated remarkable HCA conversion rates in as little as 30 minutes in simulated body fluid (SBF) [24] . The sol-gel processing of BGs combine their lower chemical durability with increased surface area and porosity resulting in rapid calcium and phosphate ion release and thus conversion to HCA.
Melt-quench bioactive BGs have been well represented in composite system. For example, BG incorporated chitosan composites have been created as an antibiotic delivery in the treatment of chronic osteomyelitis [25] . They have also been used as fillers in methacrylate-based composites [26] . However, bioactive BGs and in particular when processed through sol-gel technique have not been used as fillers in electrospun composite scaffolds. Herein, sol-gel derived BG incorporated electrospun PCL fibres were fabricated for potential applications in bone tissue engineering, and their reactivity and acellular bioactivity were investigated in vitro.
Methods

Sol-Gel borate glass production
Sol-gel-derived BG of the formulation (46.1)B 2 O 3 -(26.9)CaO-(24.4)Na 2 O-(2.6)P 2 O 5 (mol.%) was fabricated as previously reported [24] . Briefly, using a nitrogen filled glove box, boric acid (≥ 99.5% Sigma Aldrich) and anhydrous ethanol were mixed in a covered Teflon beaker and magnetically stirred at 40 ± 3 ∘ C until the solution became clear. This was followed by the addition of triethyl phosphate (>99.8%, Fisher Scientific), calcium methoxyethoxide (20% in methoxyethanol, Gelest, USA), and sodium methoxide (25 wt.% in methanol, Fisher Scientific) at 30 min intervals. The solution was then allowed to mix for another 30 min or until the viscosity became too high for further mixing. The resulting sol was then cast into polypropylene vials and sealed to undergo ageing for 10 days at 37 ∘ C. The gels were then removed, placed in crystallization dishes, and dried in air at room temperature for one day followed by drying at 120 ∘ C for a further two days. Calcination of the dried gels was carried out at 400 ∘ C using a 3 ∘ C/min ramp rate and a 2 h dwell time. Post calcination, the glasses were pulverized using a planetary ball mill and sieved to <25 µm. The median (D 50 ) and average diameter (Davg) of the sieved glass particles were determined using a Horiba LA-920 (ATS Scientific Inc., Canada).
Electrospinning of PCL-BG composites
PCL (Number average molar mass of 80,000, Sigma Aldrich) was added to glacial acetic acid (Sigma Aldrich) at 20 w/v% and mixed overnight until the solution became clear. The solution was then ultrasonicated for 1 h to ensure homogeneity [27] . In another approach, the surfactant F127 1 w/v% (Sigma Aldrich), was added during sonication. For composite scaffold fabrication, along with 1 w/v% surfactant addition, BG particles were incorporated at either 2.5 or 5 w/v% (wt.%) relative to PCL solution. These mixtures underwent manual mixing for 1 min followed by sonication for a further 3 min to ensure homogeneity. The solutions was then loaded into a 3 mL syringe and placed in a commercial ES apparatus (Starter Kit 
40KVWeb, Linari Engineering srl, GR), using 15 kV, 15 cm working distance, 21G needle (OD, 0.8 mm), and a flow rate of 0.4 mL/h collected on a flat grounded collector. Table 1 provides a summary of the compositions investigated and their codes.
Dynamic Vapor Sorption
The aqueous interactions of the electrospun scaffolds were investigated through dynamic vapour sorption (DVS) using a DVS Intrinsic (Surface Measurement Systems Ltd., U.K.), which measures mass changes (± 0.1 µg) under controlled relative humidity (RH) and temperature. Approximately 20 mg of scaffold sections were placed in an aluminium pan and inserted into a chamber at 37 ± 0.05
The scaffolds were then directly exposed to 90% relative humidity for 6 h and then to 0% RH for a further 6 h.
Bioactivity
The in vitro mineralization of the electrospun scaffolds were examined using Kokubo's SBF [28] . Scaffolds were added to SBF (pH 7.4) at a 0.25 mg/mL ratio and stored at 37 ± 1 ∘ C. The SBF solution was replaced every third day. Mineralization was examined at days 1, 3, and 7 where the scaffolds were gently rinsed with deionized water then dried.
Scanning Electron Microscopy
Scanning electron microscopy (SEM) of the calcined BG particles and fibrous scaffolds before and after immersion in SBF was performed with an Inspect F50 Field Emission Scanning Electron Microscope (FEI Corporation, USA) using an accelerating voltage of 2 kV. Samples were sputter coated with Pt prior to analysis. Measurement of fibre diameters was completed with ImageJ v.1.49 (NIH, USA) software (n = 200).
Attenuated total reflectance-Fourier transform infrared spectroscopy
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was performed on the calcined BG particles and fibrous scaffolds before and after immersion in SBF. ATR-FTIR was carried outusing a Spectrum 400 (Perkin-Elmer, USA) between wavenumbers 4000 and 650 cm −1 with a resolution of 4 cm −1 and 64 scans per sample. Spectra were baseline corrected and normalized to the total area surface area under absorption bands using Spectrum software (Perkin-Elmer, USA).
X-ray diffraction
X-ray diffraction (XRD) analysis was performed on performed on the calcined BG particles and fibrous scaffolds scaffolds before and after immersion in SBF. XRD were analyzed using a Bruker D8 Discover X-ray diffractometer (Bruker AXSS Inc., USA) equipped with a CuKα (λ = 0.15406 nm) target set to 40 mV and 40 mA. Three frames of 25 ∘ were collected from 10 -70 2 theta ( ∘ ) using an area detector the merged. Phase identification was carried out using X'Pert Highscore Plus (PANalytical, Netherlands).
Results
Characterization of the BG and as-made electrospun PCL-BG scaffolds
The calcined BG particles were characterized in terms of particle size, morphology, and structure through ATR-FTIR and XRD (Figure 1) . A histogram showing the particle size distribution of the calcined BG is shown in Figure 1a [32] [33] [34] [35] and the defined shoulder peak at~870 cm −1 , is characteristic of the B-O stretching of boroxoal rings. XRD (Figure 1d ) confirmed the amorphous nature of the glass as observed by the two broad humps typical of this material [24] . SEM micrographs of as-made PCL and PCL-BG scaffolds confirmed the typical continuous fibrous structure achieved through the ES technique (Figure 2a) . Insets for PCL-2.5BG and PCL-5BG show that the BG particles were successfully incorporated within the PCL fibres. According to fibre diameter measurements (Figure 2b and summarised in Table 1 ) the addition of surfactant (PCL-S) resulted in a smaller, more uniform distribution of fibres compared to neat PCL. Furthermore, the addition of BG (PCL-2.5BG) generated a broader range of fibre size. This increase in fibre diameter was significant (P < 0.05) in the case of PCL-5BG. The resultant cotton-wool like nature of the PCL-5BG and the potential handling ability can be seen in Figure 2c and 2d, respectively.
The structural and chemical properties of the electrospun PCL and PCL-BG composite scaffolds were characterised through ATR-FTIR and XRD analyses. ATR-FTIR spectra of PCL and PCL-S showed common bands associated with the crystalline (1294 cm −1 ) and amorphous (1163 cm −1 ) phases [36] . Furthermore, the band at 1721 cm −1 [36] can be attributed to the stretching of υs (C=O) while the bands at 1238 and 1180 cm −1 represent the asymmetrical stretching of υas(C-O-C) and symmetric stretching of υs(C-O-C) respectively [37] . Peaks at 1047 cm −1 and 1470 cm −1 are associated with C-O stretching [38] and C-H bending [14] , respectively. The incorporation of BG in PCL, resulted in new bands at 1570, 891, 806, and 680 cm −1 .
Furthermore, the C-H bending at 1470 cm −1 begins to fade to form a shoulder region with increasing glass addition.
In addition, the two defined diffraction peaks related to the (110) and (200) lattice planes at 21.5 and 23.6 ∘ 2-theta respectively, indicated the typical semi-crystalline morphology of PCL [39] . Compared to the amorphous BG (Figure 1d) , the PCL semicrystalline peaks dominate the XRD diffractograms of the composites.
Scaffold reactivity through vapour sorption
The aqueous interactions of the scaffolds, as an indicator of their reactivity and potential degradation, were investigated using DVS (Figure 4 ). Under direct exposure to 90% RH, BG incorporated PCL scaffolds demonstrated a rapid increase in mass within the first hour. This was followed by a plateauing region, ultimately leading to an equilibrium mass gain of ∼ 24.8 and ∼ 38.9% for PCL-2.5BG and PCL-5BG, respectively after 6 h. Both of these values were below that observed for neat BG particles (∼ 48.3%) and substantially greater that those observed for PCL (∼ 1.2%) and PCL-S (∼ 2.2%).
Scaffold bioactivity in SBF
The bioactivity of the PCL and PCL-BG scaffolds were investigated in SBF for up to 7 days. SEM micrographs of the PCL-5BG scaffolds indicated the progressive deposition of flower-like crystals as a function of time in SBF, which was prominent by day 7 ( Figure 5 ). The surface at PCL-2.5BG showed a fairly similar formation, though to a much lesser extent. As immersion time increased the fibrous scaffolds began to undergo surface transformation as observed by the roughening of PCL and PCL-S at day 7. ATR-FTIR spectra of the PCL-5BG scaffolds as a function of time in SBF indicated the progressive increase in the intensity of the peak around 1020 cm −1 , which is attributed to PO 3− 4 [40] and indicating apatite formation ( Figure 6 ). In contrast, the spectra for the PCL, PCL-S, and PCL-2.5BG remained largely unchanged as a function of time in SBF. XRD diffractograms of the scaffolds at day 7 in SBF confirmed apatite formation in PCL-5BG (Figure 7) . The presence of the peak at ∼ 32 ∘ 2-theta, which is the main peak associated with hydroxyapatite, along with the development of other peaks, also related to hydroxyapatite ("•", JCPDS 9-0432) confirmed apatite formation.
Discussion
Electrospinning, a relative simple technique that generates fibrous scaffolds from polymer solutions, has been widely investigated for PCL, as well as other polyesters and their blends [5, 27, 38, 41] . However, compared to glacial acetic acid, other solvents, such as chloroform [5, 42] , acetone [41] , methylene chloride [43] , and hexafluropropanol [44] , amongst other combinations [45, 46] , have been more commonly used to dissolve PCL for electrospinning. Nevertheless, interest in the use of less toxic or potentially harmful solvents in ES arose with the introduction of the "Green Electrospinning" concept [47] . In particular, PCL electrospun fibres have also been generated by using less or non-toxic solvents (benign solvents), offering potential environmental and biomedical applications advantages [48, 49] . The suitability of this system has already been tested in the fabrication of neat PCL electro- spun fibres [27] and blends of PCL/gelatine electrospun fibres [50] . Furthermore, PCL dissolved in glacial [48] and 90% acetic acid [45] and with the fibre size range is similar to reported values [48] . Previous research has shown that adding pyridine to acetic acid helped reduce the overall size of PCL fibres and generated predictable the fibre distributions [51] which may be a future approach to control fibre size. A previous study has also shown that using acetic acid, acetone, or a combination of both did not affect the chemical structure of ES-PCL, and indicated that the solvent was removed by evaporation during processing [52] . Solvent removal can also be performed by freeze drying and rotary evaporation, though this would likely initiate the conversion process of the BG particles. The wider range of fibre distribution with increasing BG content might also be related to the electrical conductivity [53] or viscosity [50] of the solution. In ES, as the electric potential intensifies the polymer solution at the needle tip elongates to form a conical shape called the Taylor cone [54, 55] . With further electric potential increase, it reaches a threshold value causing the formation of a polymer jet as the surface tension is overcome by the repulsive electrostatic force. The polymer jet is then ejected from the Taylor cone towards the metal collector and collected after thinning due to solvent evaporation and bending instabilities that are electrically driven [56] . Therefore, a polymer solution with higher electrical conductivity exerts greater tensile force, which can increase the stretching and splitting of the jet, creating a broader distribution and overall smaller fibres. However, it is also possible that if the solution flow is not high enough, a thicker fibre diameter will form since a greater tensile force is exerted. Since the ES parameters were consistent across all materials, in order to compare the fabricated electrospun scaffolds, it is conceivable that the increase in BG loading also increased the viscosity which might have required a greater ejection rate in order to produce thinner fibres. In this study, it was found that the incorporation of BG at greater than 5w/v% (e.g. 7.5 and 10 w/v%) prevented the generation of fibrous matrices. Previously, it has been shown that the addition of up to 5 w/v% multi-walled carbon nanotubes increased both the diameter and distribution of the electrospun PCL fibres [53] An alternative approach to generate bioactive fibres involves the direct electrospinning from a sol, or sol-gel hybrid, which can be advantageous since it does not require a separate glass particle addition to the polymer and the resultant glass or glass-hybrid fibres are typically more uniform and homogenously distributed due to the nanoscale nature of the sol [20] . Nevertheless, the cotton-wool like appearance in this study, is reminiscent of previous work on glass fibres made by ES, directly from a sol with no polymer addition [57] . It was reported that the Ca 2+ ions from the sol can act as charge carriers, which has previously been shown to increase the charge density on the surface of the jet [58] , leading to greater branching from the primary jet. However, in this scenario, it leads to the splitting of several jets, known as "splaying" which has been previously described [4] , and can result in a "bushlike" appearance. PCL and PCL-S did not show any signs of this build up making it likely that BG played a primary role in creating the 3D fibre morphology. PCL-2.5BG began to form fibrous mats that were not entirely flat but not nearly to the extent of the 3D morphologies generated with PCL-5BG. Since these glasses have previously demonstrated rapid dissolution rates [24] , it is possible that during their mixing with the PCL solution, released Ca 2+ and BO 3− 3 ions that may have acted as charge carriers, increasing the electrical conductivity, and thus causing the cotton-wool like appearance. This 3D morphology may be desirable for many tissue engineering applications since it can be packed into various defects [57] . Moreover, it has been recently reported that fibrous, "cotton candylike" BGs have been successfully used for wound healing applications [59] [60] [61] .
DVS has been used to predict the reactivity and potential solubility of bioactive glasses [24, 62, 63] and polymer coatings [64] . In the case of glass systems, it has been found that the extent of mass change is dependent primarily on the composition, followed by textural properties [24] . Here, since the incorporated glass composition was the same in both BG incorporated scaffolds, the volume fraction of BG influenced the final mass change, increasing with BG content. The terminal -OH groups, that result on the surface of the BG from the sol-gel process [20] , are thought to make the composites be more prone to aqueous interactions. Furthermore, the <2% mass change with the PCL and PCL-S samples have previously been observed with water sorption studies [65] and were expected due to the hydrophobic nature of the material. Therefore, it can be concluded that the mass change observed in the composites, was a direct result of the BG additions. This hydrophobicity of PCL was also demonstrated by the final mass change after 12 hours which was approximately 0% for all materials except for the BG particles, which has the ability to undergo permanent mass change [24] .
Only PCL-5BG indicated apatite conversion as observed through SEM, ATR-FTIR and XRD analyses. SEM micrographs indicated significant apatite formation as well as fibre degradation. PCL surface degradation has been previously shown at day 7 in SBF by Joshi et al. [66] . Apatite formation was also supported by ATR-FTIR spectroscopy, in particular by the slight broadening of the peak around 1020 cm −1 in PCL-5BG at day 3, which was more pronounced by day 7, surpassing the intensity of the characteristic PCL υs(C=O) peak at 1721 cm −1 . This apatite conversion time scale was confirmed by XRD through the peak ∼ 32 ∘ 2 theta apparent in PCL-5BG scaffolds, where at day 7 showed significant retardation of the inherent semicrystalline peaks of PCL, as previously reported through the addition of other dopants to PCL or by changing the PCL fabrication process [53] . It also indicated the prominence of apatite presence at this time point, which can be confirmed by the additional peaks ("•", JCPDS 9-0432). Despite the higher DVS reactivity of the PCL-2.5BG scaffold compared to PCL and PCL-S, there was no indication of mineralization. While the surface transformation of PCL-2.5BG appears to be similar to that of PCL-5BG, it cannot be concluded that HCA conversion has occurred based on the ATR-FTIR and XRD data. This suggests that the minimum particle loading needed for HCA conversion is above 2.5 w/v %. However, it is anticipated that this may be achieved by varying the sol-gel and electrospinning processing parameters. In summary, electrospun PCL scaffolds incorporated with sol-gel derived bioactive BG particles were successfully fabricated. Despite their larger fibre diameters, PCL-5BG scaffolds demonstrated high reactivity according to DVS and significant conversion to apatite by day 7 in SBF according to SEM, ATR-FTIR, and XRD analyses. The cotton-wool like morphology produced with higher BG content is thought to be due to the increased electric conductivity of the solution due to dissolution of the glass during mixing and can potentially improve handling in the clinic to fill unique bone defect sites. Concluding, this a primary example of using sol-gel derived borate glasses to improve the reactivity and bioactivity of a biodegradable polymer can potentially be useful in mineralized tissue engineering applications. Further studies will focus on investigating cellular responses to these promising bioactive scaffolds.
